The generation and recombination dynamics of multiple excitons in nanocrystals (NCs) have attracted much attention from the viewpoints of fundamental physics and device applications. However, the quantum coherence of multiple exciton states in NCs still remains unclear due to a lack of experimental support. Here, we report the first observation of harmonic dipole oscillations in PbS/CdS core-shell NCs using a phase-locked interference detection method for transient absorption. From the ultrafast coherent dynamics and excitation-photon-fluence dependence of the oscillations, we found that multiple excitons cause the harmonic dipole oscillations with ω, 2ω, and 3ω oscillations, even though the excitation pulse energy is set to the exciton resonance frequency, ω. This observation is closely related to the quantum coherence of multiple exciton states in NCs, providing important insights into multiple exciton generation mechanisms. DOI: 10.1103/PhysRevLett.119.247401 Over the past three decades, semiconductor nanocrystals (NCs) have been extensively studied to gain fundamental knowledge of quantum confined excitons and their photonic applications. Their energy levels and electronic wave functions are controlled by the NC size and its heterostructure design [1, 2] . NCs exhibit unique quantum characteristics, including multiple exciton generation (MEG) [3] [4] [5] [6] [7] , strong Auger recombination of excitons [8, 9] , and long excitonic coherence [10] [11] [12] . In particular, the highly efficient photoluminescence at room temperature implies that both impurities and defects hardly exist in NCs [13, 14] . A detailed understanding of generation and relaxation processes of multiple excitons is necessary to clarify these unique properties.
Over the past three decades, semiconductor nanocrystals (NCs) have been extensively studied to gain fundamental knowledge of quantum confined excitons and their photonic applications. Their energy levels and electronic wave functions are controlled by the NC size and its heterostructure design [1, 2] . NCs exhibit unique quantum characteristics, including multiple exciton generation (MEG) [3] [4] [5] [6] [7] , strong Auger recombination of excitons [8, 9] , and long excitonic coherence [10] [11] [12] . In particular, the highly efficient photoluminescence at room temperature implies that both impurities and defects hardly exist in NCs [13, 14] . A detailed understanding of generation and relaxation processes of multiple excitons is necessary to clarify these unique properties.
The generation and recombination dynamics of multiple excitons in NCs have been investigated by monitoring the number of photogenerated electrons and holes. For example, the lifetimes of multiple excitons are well explained by the quantized Auger recombination pathways of multiple excitons [9, 15] . In contrast, more detailed discussions beyond a discrete change in the number of excitons, e.g., coherent states of multiple excitons, are important for a deep understanding of the nature of multiple excitons. Theoretical investigations of MEG have predicted that one high-energy exciton generates multiple low-energy excitons via a coherent superposition between the single and multiple exciton states [16, 17] . The MEG is anticipated for use in photonic applications such as highly efficient solar cells [18] [19] [20] [21] [22] and ultraviolet photodetectors [23] . Therefore, the observation of the theoretically predicted coherent state is essential for discussions on MEG mechanisms and the dynamical nature of multiple excitons in NCs. However, due to a lack of experimental support, it remains unclear whether multiple excitons generate their coherent states in the NCs or not. Coherence of multiple excitons has not been clarified thus far by the conventional approach to the forward process of MEG, i.e., generation of multiple excitons from a highenergy state. This problem can be solved elegantly by clarifying the physics of the reverse process of MEG, i.e., generation of a high-frequency state from multiple excitons. The observation of the reverse process provides a fundamental key for understanding the details of MEG, equally important as the investigation of the forward process. Recently, phase-sensitive spectroscopies allow for sophisticated measurements of the multiple electronic states [24] [25] [26] [27] [28] . NCs have also been examined by using them to understand the dynamics of multiple excitons [29, 30] . Thus, these phasemonitoring techniques enable us to analyze coherent dipole oscillations.
Here, we report the observation of coherent multiple excitons in PbS/CdS core-shell NCs with a spectroscopic technique using phase-locking of excitation pulses. We demonstrate that the phase-locked interference detection of the transient absorption (TA) clearly reflects the frequency-multiplied dipole oscillations in the NCs. From the coherent dynamics and the excitation-photon-fluence dependence of the oscillations, we found that the oscillations are caused by multiple excitons. This harmonic quantum coherence composed of multiple excitons provides significant information for manipulation of multiple excitons states.
The experimental setup for phase-locked interference detection of TA signals is illustrated in Fig. 1(a) . In the experiment, a stable phase-locked pulse pair was produced by a phase-locking feedback system (see Fig. S1 in the Supplemental Material [31] ) and used as pump pulses with variable time intervals between the pump-pulse pair. The TA signal and the interference intensity of the pump-pulse pair were measured simultaneously as a function of the time interval between the pulses. In addition to the first and second pump pulses, a third pulse was used as a probe pulse to measure the TA signals. The sample used in this study was an ensemble of PbS/CdS core-shell NCs in toluene solution. PbS NCs are one of the most suitable systems for this experiment to observe multiple excitons since they are expected to provide high-density electronic states as a result of the high degeneracies of their lowest states [32] . The details of the synthesis process [33, 34] are described in the Supplemental Material [31] . The solution was stirred to remove the effect of photoinduced charging [35] . The transmission electron microscope image and the absorption spectrum of the sample are shown in Figs. 1(b) and 1(c), respectively. The microscope image shows that the NCs have been synthesized with a fairly homogeneous size distribution. In the absorption spectrum, we observed the exciton resonance at 0.96 eV. The photon energies of the pump and probe pulses were tuned to this exciton resonance. Figure 1 (d) shows the TA signal from a standard pump-probe measurement, i.e., using a single-pulse pump. The rapid decay within 200 ps is assigned to Auger recombination of multiple excitons [8, 9] , while the long-lifetime component across the entire measurement time range reflects the recombination of single excitons [36] . To reveal the coherent dynamics of multiple excitons, it was required to study the initial TA dynamics with the phase-locked interference detection. Figure 2 (a) shows the experimental result with the phaselocked interference detection. In this measurement, the total time interval between the pump-pulse pair is equal to τ pump þ Δτ pump . The vertical time axis τ pump corresponds to the macro time step, which was controlled via a steppermotor-driven delay stage with a delay increment of 20 fs. The horizontal time axis Δτ pump corresponds to the subwavelength-scale change in the optical path length of the second pump pulse, which was controlled by a piezoelectric actuator allowing for a time resolution of 0.53 fs. We measured excitonic dipole oscillations by scanning the micro time Δτ pump for each macro time step of τ pump . Therefore, τ pump allows us to scan the envelope coherent dynamics of the excitonic dipole oscillations, and Δτ pump provides exact information about the frequencies of the oscillations. To obtain strong TA signals for all delay times, the probe time was set at 140 fs. To clarify the line shape of the oscillating behavior, the signal for τ pump ¼ 0 fs is plotted in Fig. 2(b) with the black curve. For comparison, the interference intensity of the pump-pulse pair is also plotted with the red curve. The pump-pulse pair interference clearly shows a sinusoidal oscillation with a frequency corresponding to the wavelength of the pump laser. In contrast, the TA signal shows an oscillation that cannot be expressed with a single sinusoidal oscillation. This nonsinusoidal oscillation reflects the ultrafast response of photoexcited electronic states. To explain this nonsinusoidal oscillation, we consider two origins: (1) absorption nonlinearity and (2) superposition of several coherent states with different frequencies.
To determine the origin of the nonsinusoidal oscillation, we measured the excitation-photon-fluence dependence of the oscillating signals as shown in Fig. 2(c) . The TA signal shows a sinusoidal oscillation for the weakest excitation, while it becomes more nonsinusoidal with increasing excitation-photon fluence. To investigate a possible explanation with absorption nonlinearity, we have to examine whether the measured maxima (ΔT=T max ) and minima (ΔT=T min ) of all curves lie within a certain range determined by absorption nonlinearity or not. Therefore, we consider the range determined by ΔT=T ∝ I γ with α ≤ γ ≤ 1. In the highest excitation intensity regime, our sample showed a maximum nonlinearity of α ¼ 0.68. Since the ratio of the excitation intensity maxima (I max ) and minima (I min ) is fixed at all powers (I min ¼ βI max ), the ratios of the maxima and minima of the measured ΔT=T must obey the same power law in case of a dominant absorption nonlinearity. However, if the experimental results do not obey this power law, the absorption nonlinearity can be ruled out for the origin of the nonsinusoidal oscillation. The range, determined by α ≤ γ ≤ 1 and where the measured points have to lie within, can be conveniently visualized with the so-called contrast, defined by ðΔT=T max − ΔT=T min Þ=ðΔT=T max þ ΔT=T min Þ. Using the absorption nonlinearity ΔT=T ∝ I γ , we obtain a contrast range ð1 − β γ Þ=ð1 þ β γ Þ ¼ 0.62 to 0.79 for α ≤ γ ≤ 1 (in our experiment β ¼ 0.12). This range and the contrast of the oscillating transient absorption signals are plotted as a function of the excitation-photon fluence as shown in Fig. 2(d) . The contrast of the measured data decreases with increasing excitation-photon fluence. Since the experimental results decrease far beyond the power law area, we conclude that the experimental results cannot be explained by a simple nonlinear absorption.
Next, we examined the contribution of superpositions of several coherent states in the oscillating signals. To analyze the nonsinusoidal oscillations, we discuss the two-pulsepump excitation sequences of electronic states via doublesided Feynman diagrams [37, 38] . By taking the excitation sequences up to third-order oscillation into account, the TA signal can be decomposed into nω oscillations, where n is the harmonic order (n ¼ 1, 2, 3) and ω corresponds to the exciton resonance frequency. The major excitation sequences are shown in Fig. 3 , where the state generated by n-photon absorption is denoted by jni. Higher order contributions to the TA are shown in Fig. S3 in the Supplemental Material [31] . Here, the jni-state corresponds to multiple excitons in the ground state rather than one highenergy exciton generated by carrier upconversion. The upconversion via the biexciton Auger recombination was not observed in our phase-locked measurement since the biexciton Auger recombination lifetime of ∼60 ps is much longer than the probe time of 140 fs. Furthermore, the excitation-photon-fluence dependence described below cannot be explained with upconversion processes [31] . By using the fitting function ΔT=T ¼ A 0 þ A 1 cosðωΔτ pump Þ − A 2 cosð2ωΔτ pump Þ þ A 3 cosð3ωΔτ pump Þ [31] , the amplitudes of the nth-order oscillation A n in Fig. 2(b 
, and A 3 ¼ 1.1 × 10 −3 . The 2ω and 3ω oscillations cannot be explained by conventional coherence with the energy difference corresponding to ω. Therefore, transient dipoles between highly separated states in the excitation diagrams are required for the high-frequency oscillations. We hypothesize that the efficient generation of the harmonic quantum coherences correlates with multiple excitons in NCs.
To reveal the correlation of the above-mentioned harmonics with the multiple excitons, we analyzed the excitationphoton-fluence dependence of the harmonic amplitudes. The harmonic amplitudes are plotted in Fig. 4(a) , showing an initial increase in the low photon-fluence regime and saturation for high photon-fluence regime of more than 1.0 × 10 16 photons=cm 2 . This saturation behavior is similar to that predicted by the Poisson distribution of multiple excitons [9, 36] . As shown in the double-sided Feynman diagrams in Fig. 3 (see also Fig. S3 in the Supplemental Material [31] ), the absorption of a number of photons equal to or larger than n is required to generate the nω oscillation. The   FIG. 3 . Double-sided Feynman diagrams for two-pulse-pump transient absorption. The state generated by n-photon absorption is denoted by jni (n ¼ 1, 2, 3 ). formation probability of the nω oscillation can be therefore expressed by the generation of multiple excitons according to the Poisson distribution of absorbed photons. We assume that the nω oscillation is generated by all processes with an absorbed photon number equal to or larger than n, which is determined by a function including the Poisson distribution [31] . Then, we calculated the generation probabilities of ω, 2ω, and 3ω oscillations as shown in Fig. 4(a) by the solid curves. We fitted the experimental data with an absorption cross section of σ ¼ 3.2 × 10 −16 cm 2 [31] . Figure 4(a) shows that the experimental TA amplitudes correlate well with the predicted generation probabilities of the harmonics. Since the generation probabilities are calculated from the Poisson distribution of multiple excitons, the good correlation in Fig. 4(a) evidences that the harmonic quantum coherences are generated by multiple excitons.
The harmonic amplitudes reach the saturation region under the high excitation densities as shown in Fig. 4(a) . To understand the saturated ratio of the harmonic quantum coherences, the saturated amplitudes of ω, 2ω, and 3ω oscillations are plotted in Fig. 4(b) . The negative power law dependence on the harmonic order in Fig. 4(b) corresponds to the decreasing tendency of the multiphoton absorption [39, 40] . This result explains the mechanism of harmonic quantum coherence in NCs as shown schematically in Fig. 4(c) . Under low excitation conditions, only single excitons are generated and show a coherence with ω oscillation. As the excitation-photon fluence increases, the exciton density becomes high enough to generate multiple excitons. In our experiment, multiple excitons are directly generated by multiphoton absorption under the resonant excitation of the ground-state excitons. Thus, we do not consider the formation time of multiple excitons or the exciton-exciton interactions [41, 42] . Multiple excitons are occupied in such a way that the energy conservation is satisfied. Therefore, high-frequency dipole oscillations, i.e., 2ω and 3ω oscillations, are caused by the direct formation of the transient dipoles between the multiple exciton states and the ground state. This sequence clarifies that multiple excitons cause collective coherences with 2ω and 3ω oscillations, instead of a coherent system with ω oscillation for each exciton.
Ultrafast decoherence processes of the harmonic quantum coherences are also determined by the transient dipole oscillations of multiple excitons. To understand the coherent dynamics, we analyze the envelope dynamics of the dipole oscillations as shown in Figs. 5(a)-5(d) . The decay times of the dipole oscillations become shorter for higher harmonic orders. This behavior is also the evidence for frequency multiplication in NCs since the free-induction decays are accelerated with increasing the dipole-oscillation frequency. Free-induction decays of transient dipole oscillations are known to originate from inhomogeneous broadening of the resonance energy [43] . The NC ensemble includes a crystal-size distribution that causes inhomogeneous broadening of the resonance energy. Regarding the nonoscillating component A 0 , a decrease is observed at the times longer than 100 fs, which corresponds to the crossover region from two-pulse to one-pulse pump conditions. The envelope times being longer than the probe time, 140 fs, means that the probe pulse arrives before the second pump pulse. Therefore, the nonoscillating component for long envelope times results in the one-pulse-pump TA Fig. 2(a) well, while the incoherent signal [ Fig. 5(f) ] is much flatter than that shown in Fig. 2(a) . This means that phase locking of the excitation pulses is required to observe the harmonic quantum coherences. In contrast, for negative delays longer than −150 fs, the coherent signal coincides with the incoherent signal. Therefore, the envelope dynamics show a transition from coherent to incoherent multiple excitons.
In conclusion, we observed harmonic quantum coherence of multiple excitons in semiconductor NCs for the first time using a phase-locked interference detection of TA. We confirmed that the observed harmonics with ω, 2ω, and 3ω oscillations are generated by coherent multiple excitons. This means that a high-frequency collective coherence is formed in NCs. Since these high-frequency oscillations are closely related to high-energy excitons, they can strongly enhance MEG: one hot exciton with an energy corresponding to 3ω frequency is expected to generate three lowenergy excitons via 3ω dipole oscillation. The observed harmonic coherences can work as intermediate states that assist the MEG processes from a high-energy single exciton to multiple ground-state excitons. We believe that a deeper understanding of coherent multiple excitons will open a new pathway to enhanced carrier multiplication using their frequency-multiplied dipole oscillations. Part of this work was supported by JST-CREST (Grant No. JPMJCR16N3) and JSPS KAKENHI (Grant No. 16H06520).
